INTRODUCTION
Prostate cancer (PCa) is the second most common cause of death in developed countries and is the most common solid cancer in men. 1 The therapeutic treatment of PCa is principally influenced by the presence or absence of metastases. However, the detection of recurrent disease is currently a major challenge using conventional imaging modalities, especially at low prostate-specific antigen (PSA) levels. Studies employing computed tomography (CT), magnetic resonance imaging (MRI), and bone scan have shown disappointing sensitivity rates in the detection of small metastases, including lymph node metastases. 2 A better diagnostic procedure is required to localize recurrences in PCa patients who have undergone biochemical relapse.
Prostate-specific membrane antigen (PSMA) has recently received increasing amounts of attention. 3, 4 PSMA is expressed in tissues such as the kidney, proximal small intestine, and salivary glands and is also overexpressed in PCa. 5 As such, PSMA provides a promising target for PCa-specific imaging and therapy. 68 Ga-PSMA-positron emission tomography (PET) imaging has been reported to improve the detection of metastatic disease, even at low serum PSA values. 6, 7 In this retrospective analysis, we compared the use of a novel single-photon emission CT (SPECT) imaging tracer, HYNIC-Glu-Urea-A (a Tc-labeled prostate-specific membrane antigen (PSMA) single-photon emission computed tomography (SPECT)/computed tomography (CT), magnetic resonance imaging (MRI), and bone scan within a 30-day period. PSMA-SPECT/CT indicated metastatic lesions in 39 patients and had a higher detection rate (78.0%) than bone scan (34.0%) or MRI (40.0%). The diagnostic efficiency of PSMA-SPECT/CT imaging for bone and lymph node metastases (50.0% and 42.0%) was better than bone scan (34.0% and 0.0%) or MRI (24.0% and 20.0%). PSMA-SPECT/CT provided a higher detection rate at serum PSA levels of ≤1 ng ml −1 Consistent results whether the lesions identified by PSMA SPECT/CT were metastatic or not were obtained by discussion of the three experienced nuclear medicine experts with their experience in image analysis. Any nonphysiological focal areas of increased uptake that were higher than the background level were interpreted as suspicious of prostate cancer, lymph node metastasis, bone metastasis, or soft-tissue metastasis. The tumor/background (T/B) ratio was calculated from regions of interest that were manually drawn over the sites of increased uptake. For background correction, a region of interest was drawn over the gluteus muscle. In cases of multiple metastases, only the five lesions with the highest intensity were included for further analysis.
Statistical analysis
For statistical analysis, dedicated statistical software was used (SPSS 15.0; SPSS Inc., Chicago, Illinois, USA). Correlations between the Gleason score, PSA levels, and T/B ratio were assessed using the Spearman's rank correlation coefficient. All results are expressed as the mean ± standard deviation. P < 0.05 was considered statistically significant.
RESULTS

Presence of PSMA-positive lesions
No adverse or clinically detectable pharmacological effects were observed in any of the patients after injection of the PSMA-SPECT/CT tracers. PSMA-SPECT/CT indicated metastatic lesions in 39 patients and had a higher detection rate (78.0%); there were 46 lymph node metastases, 95 bone metastases, and six soft-tissue metastases (two pulmonary and four hepatic) detected (Figure 1a) . The median age was 71 years (interquartile range: 67-75). The median PSA value was 7.61 ng ml -1 (interquartile range: 1.25-51).
The T/B ratio was highest in lymph node metastases (37.42 ± 6.65). Soft tissue (26.33 ± 9.07) and bone metastases (21.40 ± 4.34) had lower T/B ratios although no significant difference in the T/B ratio was found between lymph node, soft tissue, and bone metastases (Figure 1b ). There were no correlations between the Gleason score, PSA level, and T/B ratio of the metastatic lesions.
Comparison with different imaging modalities
With the help of bone scan, metastatic bone lesions were found in 15 patients, suspicious bone lesions in two patients, and normal results in 33 patients. PSMA/SPECT imaging confirmed bone metastases in 15 patients. In patients with suspicious bone lesions, one patient was demonstrated by PSMA SPECT/CT. In addition, 23 patients who had normal bone scans were shown to have multiple metastatic bone or lymph node metastases using PSMA-SPECT/CT imaging. In general, bone lesions (n = 35) were observed in 17 patients by bone scan (detection ratio: 34.0%) (Figure 1a) .
Using MRI scans, metastatic lesions were found in twenty patients and normal results in thirty patients. PSMA-SPECT/CT imaging confirmed metastases in all twenty patients and showed additional metastatic lesions in 19 patients. In general, metastatic lesions (n = 35) were observed in twenty patients by MRI imaging (detection ratio: 40.0%) (Figure 1a) .
PSMA-SPECT/CT imaging could find 95 bone metastases in 25 patients (50.0%). Bone scan could find 35 bone metastases in 17 patients (34.0%). MRI could find twenty bone metastases in 12 patients (24.0%). The diagnostic efficiency on bone metastases with PSMA-SPECT/CT imaging was better than bone scan and MRI (Figure 2a) .
PSMA-SPECT/CT was more efficient at diagnosing lymph node and soft-tissue metastases. Using PSMA-SPECT/CT, 46 metastatic lymph node lesions were detected in 21/50 (42.0%) of patients; MRI indicated 15 metastatic lesions in 10/50 (20.0%) of patients (Figure 2b ). In addition, PSMA-SPECT/CT imaging identified six soft-tissue metastases in 6/50 (12.0%) of patients, but MRI and bone scan found no soft-tissue metastases (Figure 2c ). therapeutic strategy of ten patients was changed from a standard pelvic lymphadenectomy to an extended pelvic lymphadenectomy and the PSMA-positive lesions were also proven to be PCa by histology ( Figure 5 ). In addition, six patients changed the therapeutic strategies after PSMA SPECT/CT showing multiple bone metastasis and received ADT or chemotherapy with docetaxel ( Figure 6 ). In summary, PSMA-SPECT/CT imaging provided valuable additional evidence to support further treatment and may have improved the therapeutic strategy of 31 patients (Supplementary Information).
DISCUSSION
PCa is one of the most common cancers, and understanding the exact diagnosis and the location of recurrence is essential for its management. 9 However, it can be difficult to conduct accurate staging and detect early recurrence, especially at low PSA levels, using conventional imaging modalities.
99m
Tc-methylene diphosphonate bone scan is the primary imaging procedure for diagnosing bone metastasis. However, bone scan has a low specificity, and many benign bone lesions can show increased radiotracer uptake, leading to false-positive results.
10 MRI is also commonly used for PCa diagnosis. However, for patients with low PSA levels, the MRI detection rate is low, and it can be difficult to detect metastatic lesions that overlap muscles using this modality.
PSMA is a transmembrane cell surface protein that is expressed in all stages of PCa. The expression of PSMA increases with tumor aggressiveness, metastatic disease, and disease recurrence. As such, PSMA is an excellent target for PCa imaging.
68
Ga-PSMA PET/CT imaging is useful in diagnosing and staging prostate cancer. However, PET is not always available in China, especially in the remote areas. Furthermore, PET is also more expensive than SPECT/CT imaging. All these factors indicate that PSMA-based SPECT imaging could play an important role in PCa imaging, especially in institutions and areas where PET is not available.
Some studies have shown that a 111
In-labeled anti-PSMA nanobody designed for targeted SPECT/CT imaging also exhibits good tumor targeting with low uptake in nontarget tissues, allowing excellent SPECT/CT imaging of PCa. 12, 13 In addition, Tc-MIP-1405-labeled PSMA-SPECT/CT can identify the majority of metastatic bone lesions and rapidly detected soft tissue PCa lesions, including subcentimeter lymph nodes metastases. 14, 15 However, to date, few studies have investigated the efficacy of SPECT/CT imaging using 99m Tc-HYNIC-Glu-Urea-A in the diagnosis of PCa patients who have undergone biochemical recurrence.
In this retrospective analysis, we investigated the efficacy of Tc-HYNIC-Glu-Urea-A SPECT/CT imaging for the detection of metastatic PCa lesions. We found that PSMA-SPECT/CT was useful for evaluating metastatic lesions in PCa patients. High radiotracer uptake was observed at the sites of bone, lymph node, and soft-tissue metastates. A high T/B uptake ratio is advantageous in the evaluation of suspected lesions, and, consistent with a previous study, 16 we found no correlation between the Gleason score, PSA level, and the T/B ratio.
Lymph node, bone, and soft-tissue metastases commonly occur in PCa, and these metastases are adverse prognostic factors. 17, 18 Using PSMA-SPECT/CT imaging, we observed high levels of radiotracer uptake at the site of metastatic lesions, and, regardless of the lesion size, the detection rate was higher than either MRI or bone scan. In addition, PSMA-SPECT/CT helped confirm the diagnosis of PCa in patients with suspicious metastatic lesions and helped improve therapeutic schedules. In this retrospective analysis, PSMA-SPECT/ CT might affect the clinical outcomes of 31 patients in a positive way.
The detection efficiency by MRI, bone scan, and PSMA-SPECT/CT imaging for pelvic metastases was also compared. For detection of lymph nodes' metastases, using PSMA-SPECT/CT, thirty metastatic lymph node lesions were detected in 18/50 (36.0%) of patients. MRI indicated 15 metastatic lesions in 10/50 (20.0%) of patients (Figure 2d) . For detection of bone metastases, PSMA-SPECT/CT imaging found fifty bone metastases in 20/50 (40.0%) of patients. Bone scan could find 15 bone metastases in 10/50 (20.0%) of patients. MRI could find twenty bone metastases in 12/50 (24.0%) of patients (Figure 2e) . The diagnostic efficiency on pelvic lymph node and bone metastases with PSMA SPECT/CT imaging was better than bone scan and MRI.
In our retrospective analysis, we found that PSMA-SPECT/ CT detected five lesions in 3/10 (30.0%) of patients with ≤1 ng ml −1 PSA; in patients with 1-4 ng ml −1 PSA, twenty lesions were identified in 8/10 (80.0%) of patients; in patients with 4-10 ng ml −1 PSA, twenty lesions were identified in 5/5 (100%) of patients; and in patients with >10 ng ml −1 PSA, 102 lesions were identified in 23/23 (100%) of patients (Figure 3) . Using the same thresholds, MRI detected one lesion in 1/10 (10.0%) of patients with ≤1 ng ml −1 PSA; in patients with 1-4 ng ml −1 PSA, nine lesions were identified in 5/10 (50.0%) of patients; in patients with 4-10 ng ml −1 PSA, three metastatic lesions were found in 2/5 (40.0%) of patients; and in patients with >10 ng ml −1 PSA, 22 lesions were identified in 12/23 (52.0%) of patients (Figure 3) . Using the same thresholds, bone scan identified one metastatic bone lesion in 1/10 (10.0%) of patients with ≤1 ng ml −1 PSA; in patients with 1-4 ng ml
PSA, two metastatic bone lesions were identified in 2/10 (20.0%) of patients; in patients with 4-10 ng ml −1 PSA, three metastatic bone lesions were found in 2/5 (40.0%) of patients; and in patients with >10 ng ml −1 PSA, 27 lesions were identified in 10/23 (43.5%) of patients and two suspicious lesions were found in 2/23 (8.7%) of patients (Figure 3) .
Clinical consequences
Following the identification of additional localized metastatic lesions using PSMA-SPECT/CT imaging, 15 patients all received androgen deprivation therapy (ADT) and PSA control were not satisfactory. After selective radiotherapy, PSA levels of these patients decreased, indicating that the PSMA-positive lesions were PCa metastases (Figure 4) . Following PSMA-SPECT/CT imaging, the The diagnostic efficiency of PSMA-SPECT/CT imaging at a range of serum PSA levels in PCa patients. PSMA-SPECT/CT provided a higher detection rate at serum prostate-specific antigen levels of (a) ≤1 ng ml Since whole-body MRI is time-consuming and expensive, pelvic MRI and bone scan are used to diagnose PCa by most urologists in China. In this retrospective analysis, we found that the diagnostic efficiency on pelvic lymph node and bone metastases with PSMA SPECT/CT imaging was better than bone scan and MRI. In addition, PSMA SPECT/CT imaging was cheaper and provided more information -also information that the regular urologist was more able to understand by himself (instead of interpreting imaging of whole body MRI), which helped guide clinical diagnosis.
This retrospective analysis has certain limitations, such as its small patient population. Another limitation is that the bone and lymph node lesions identified using PSMA-SPECT/CT were not pathologically confirmed. As such, it is possible that there were some false-positive lesions identified. However, 15 patients who were treated with selective radiation following PSMA-SPECT/CT imaging, subsequently, showed decreased PSA levels, indicating that the PSMA-positive lesions were most probably PCa. In addition, in ten patients, the PSMA-positive lesions were histologically shown to be PCa. Further analyses are required to confirm our findings and to verify the sensitivity and specificity of PSMA-SPECT/CT imaging in the detection of metastatic lesions in PCa patients.
CONCLUSIONS
At a range of serum PSA levels, PSMA-SPECT/CT imaging identified more metastatic lesions and provided a higher detection rate than conventional imaging modalities. This helped guide clinical diagnosis and treatment, which indicates the value of PSMA-SPECT/CT imaging in the evaluation of metastasis in PCa patients who have undergone biochemical relapse, even in patients with low PSA levels.
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